Cell cycle proteins regulate the transitions from G1 to S and G2 to M phases. In higher eukaryotes, their function is controlled by intracellular cascades regulated by extracellular growth factors. We have studied in previously described transgenic mouse models for thyroid proliferative diseases the expression of the key proteins regulating the cell cycle by Western blotting and immunohistochemistry, and have correlated the observations with the known actions of the transgenes on the signal transduction cascades. In the adenosine A 2a receptor model, the cyclic AMP pathway, upstream of the Rb family cell division block, is constitutively activated. In the model expressing HPV 16 E7 protein, the Rb-like proteins are inhibited. Cyclin-dependent kinases cdk4, cdk2 and cdc2, and the associated cyclins D, E and A have been studied. Cyclin D3 appears as the major cyclin D subtype expressed in mouse thyroid epithelial cells in normal and transgenic mice. In the adenosine A 2a R model, all cell cycle proteins tested were accumulated. In the E7 model, all cell cycle proteins except for D-type cyclins and cdk4 were also accumulated. A similar pattern was observed in thyroids coexpressing both transgenes, suggesting a dominant eect of E7 over the consequences of the cAMP cascade activation. The cyclin-dependent kinase inhibitors p21 cip1/waf1 and p27 kip1 were not downregulated in these proliferating thyroids which suggest other roles than the inhibition of the cell cycle progression.
Introduction
Thyroid tumours result from the accumulation of genetic events that activate proliferation pathways in the normally`quiescent' thyrocytes (Wynford- Thomas, 1997) . In order to develop models for thyroid tumours, transgenic mouse lines have been generated in our laboratory, by directing speci®cally the expression of viral oncogenes or signalling proteins to thyroid epithelial cells (thyrocytes), under the control of the bovine thyroglobulin gene promoter (Tg-) (Christophe and Ledent et al., 1990) .
Ectopic expression of the adenosine A 2a receptor leads to permanent stimulation of adenylyl cyclase, as a result of the continuous release of adenosine by most cell types (Maenhaut et al., 1990) . The Tg-A 2a R transgene promotes in mice, as the cyclic AMP (cAMP) cascade in dog thyroid epithelial cells in primary culture, both cell proliferation and function (Roger et al., 1982; Roger and Dumont, 1984; Dumont et al., 1992) , resulting in the appearance of a dierentiated goiter and severe hyperthyroidism (Ledent et al., 1992) . This model, as the model of mice expressing in the thyroid a G sa mutant (Michiels et al., 1994) , mimics the human autonomous hyperfunctional adenomas and non-autoimmune familial hyperthyroidism due to mutations activating the cAMP pathway, such as the constitutive activation of the thyrotropin receptor , or of the G sa protein (Lyons et al., 1990; Suarez et al., 1991) . The major function attributed to the E7 oncoprotein of the human papillomavirus type 16 (HPV 16) is to bind and inactivate various proteins of the Rb family (p105-Rb, p107 and p130) (reviewed in Zacksenhaus et al., 1993) , allowing the release of transcriptional factors of the E2F family that promote entry into the S phase of the cell cycle (reviewed in Nevins 1992; Farnham et al., 1993) . The Tg-E7 transgenic mice develop a large dierentiated goiter constituted of functionally active thyrocytes (Ledent et al., 1995) . In both models, malignant tumours only appear in some very old animals. By interbreeding the Tg-A 2a R and Tg-E7 transgenic lines, a model of highly proliferative and hyperfunctional goiter was obtained, a model of dierentiated thyroid carcinomas characterized by a high incidence and early occurrence of lung metastases (CoppeÂ e et al., 1996) . Both transgenes thus clearly cooperated in promoting proliferation and the development of early malignant tumours.
Although growth factors and oncogenes activate cell proliferation through various pathways, their action generally converges on the activation of the cyclin dependent kinases (cdk). The activity of cdk(s) is regulated by association with cyclins, by stimulatory or inhibitory phosphorylation events, and by association with speci®c inhibitory proteins (reviewed in GraÄ na and Reddy, 1995; Palmero and Peters, 1996) . The activated cdk(s) catalyze the phosphorylation and the inactivation of the Rb family proteins which are a key element in the control of cell proliferation, including in thyrocytes (Coulonval et al., 1997) . Dierent cyclin-cdk complexes are sequentially formed and activated during the cell cycle, allowing progression through the dierent checkpoints of this cycle: cyclin D-cdk4 or -cdk6 controls progression through late G1, cyclin Ecdk2 acts at the initiation of S phase, cyclin A-cdk2 and then cdc2 act in S and G2 phases and the cyclin B1-cdc2 at M phase (GraÄ na and Reddy, 1995; Palmero and Peters, 1996) . There are three subtypes of D cyclins (D1, D2 and D3), encoded by dierent genes, but sharing sequence homology (Inaba et al., 1992) . They are dierentially expressed during G1, depending on the cell types considered (Inaba et al., 1992; Palmero et al., 1993; Ando et al., 1993; Sherr, 1993; Bartkova et al., 1994; Sweeney et al., 1997) . Promoter analysis of cyclins D2 and D3 revealed marked dierences in the control of gene expression following the stimulation by growth factors (Brooks et al., 1996) . Moreover, various observations suggest that individual D-type cyclins have distinct functions in dierent cell types in addition to activating cdk4/6 (Ewen et al., 1993; Kato and Sherr, 1993; Lucibello et al., 1993; Sherr, 1993; Han et al., 1996; Kranenburg et al., 1996; Sofer-Levi and Resnitzki, 1996) .
The activity of the dierent cyclin-cdk complexes is repressed by two families of Cyclin-dependent Kinase Inhibitors (CKI): 1/p21 cip1/waf1 , p27 kip1 and p57 kip2 which negatively regulate the activity of all cyclin-cdk complexes in vitro, and probably in vivo, 2/ speci®c inhibitors of cdk4/6 such as p15
INK4b
, p16
INK4a
, p18
INK4c and p19
INK4d (reviewed in Sherr and Roberts, 1995) . Paradoxically, the cAMP cascade induces the expression of p27 CKI in cells in which it inhibits cell proliferation (Kato et al., 1994; Ward et al., 1996) as well as in our dog thyrocytes in vitro in which it stimulates it (Roger and Dumont, 1984; Depoortere et al., 1996) .
As most of the work concerning the expression of cell cycle proteins has been carried out in unphysiological cell system cultures, we have analysed by Western blotting and immunohistochemistry the expression of cdk(s), cyclins and p27 proteins as p21 messenger in the in vivo Tg-A 2a R, Tg-E7 and Tg-A 2a R/Tg-E7 transgenic models of thyroid proliferation and tumorigenesis.
Results

Normalization of thyroglobulin content in protein extracts
The functional unit of thyroid tissue is the follicle, a single cuboidal epithelium lining a lumen ®lled with colloid, which normally is the major constituent of the total thyroid mass. Colloid is made essentially of the thyroid hormone precursor thyroglobulin. In our transgenic models, the follicular structure is preserved, but the ratio between cells and colloid varies according to the model and the age of the animals (CoppeÂ e et al., 1996) . The Tg-A 2a R mice develop thyroid hyperfunction, and their rapid thyroglobulin turnover is accompanied by a reduction of the size of follicular lumina. After the age of 2 months, these animals develop thyroid nodules, likely as a consequence of somatic mutations, and the tissue organization becomes heterogeneous with the coexistence of dense cellular nodules and large follicles ®lled with colloid. In the thyroid of Tg-E7 mice, colloid accumulates leading to a progressive enlargement of follicular lumina. The large goiter found in these animals therefore results in part from cell proliferation but also from colloid accumulation. The thyroid morphology in Tg-A2aR/Tg-E7 animals expressing both transgenes remains homogeneous with age and is characterized by a high cellular density and narrow colloid lumina. The variable contribution of thyroglobulin into the thyroid total protein content of the dierent models could in¯uence markedly the quantitation of cell cycle proteins. To reduce this source of error, we have separated the cellular fraction from colloid by gentle homogenization of thyroid tissue in a non denaturating buer disrupting follicles without substantial cell damage, followed by low speed centrifugation (`cellular' extracts, see Materials and methods). Equal amounts of the various protein extracts were run on SDS-polyacrylamide gels, and silver staining did not show signi®cant dierences in the protein pattern among the various transgenic and control groups (data not shown). Immunodetection of thyroglobulin on Western blots from 1 month-old animals showed that most thyroglobulin was eciently removed from`cellular' extracts in the various models. In older animals (5 months), large amounts of thyroglobulin were found in the supernatants, especially in the Tg-E7 thyroid extracts (Figure 1 ).
Expression of cyclins and cdks
The proteins analysed could be expressed in other cell types than the epithelial cells and contaminate the protein extracts. However, the epithelial cells represent the majority cells of thyroid cells. Moreover, other cells Figure 1 Thyroglobulin content of (T) total tissue extract homogenates of one thyroid lobe, containing cells and colloid; of (S) supernatant of the extracts, containing principally colloid, and of (C) the cellular part of the extracts of the other thyroid lobe of a 5 months old Tg-E7 animal (see Materials and methods). 20 mg of proteins were deposited per lane. The majority of the thyroglobulin and of degradation products were eliminated in the supernatant In control thyroids, Western blotting allowed to detect signi®cant levels of cyclin D3, but only trace amounts of cyclins D1 and D2 (Figure 2 , data not shown). Northern blot analysis of transcripts encoding the D-type cyclins showed that cyclin D3 transcripts were also the most abundant in the thyroids of control mice (Figure 3a) . Immunohistochemistry (IHC) performed on thyroid tissue sections, revealed a nuclear localization of cyclin D3 but the staining appeared heterogeneous in intensity, as previously reported for cyclin D3 and other cyclin D subtypes in various normal and tumoral human tissues (Bartkova et al., 1996) . About 23.3+3.5 (mean+s.d.)% of cells had a strong nuclear staining, 33.6+6.1% of thyroid follicular cells were not labelled and others had a weak nuclear staining ( Figure 4a1 and Table 1 ). On Western blots, cdk4 and cdk2 were also detected in control quiescent' cells ( Figure 2 ). The anti-cdk2 antibody detected one band with the classical molecular weight of 33 kDa and another at 39 kDa. The latter form has also been found in rat thyroid cell lines (Kotani et al., 1995) and primary cultures of dog thyrocytes (Baptist et al., 1996) , and probably results from dierential mRNA splicing Kotani et al., 1995) . IHC revealed a diuse nuclear staining for cdk4 in normal thyroid tissue and in some cells an intense labelling of the nuclei (2.2+0.7%) ( Figure 4b1 and Table 1) . Cyclin E and A were not detectable on Western blots and very few cell nuclei were labelled by IHC: 0.3+0.1% and 0.5+0.2% respectively (Figure 4c1, d1 and Table 1 ). Low levels of cdc2 were detected on Western blots ( Figure 2 ).
As shown by Western blotting and immunohistochemistry, in Tg-A 2a R thyroids, all cyclins and cdk(s) studied were upregulated by comparison to the levels in control thyroids (Figures 2, 4 and Table 1 ). The two forms of cdk2 were regulated similarly. Nuclei with a strong cyclin D3 labelling were signi®cantly more frequent than in control thyroids (31.9+2.2%, P50.001) ( Figure 4a2 and Table 1 ). The messengers of the dierent D-type cyclins surprisingly seem dierently regulated. Indeed, D1 cyclin mRNA and protein were upregulated, D2 seems not regulated and the D3 cyclin mRNA was downregulated in spite of increased level of the protein (Figure 3a and b). More cells presented an intense labelling of the nuclei for cdk4 in Tg-A 2a R thyroids (13+1.9%), in comparison to control thyroids ( Figure 4b2 and Table 1 ). Signi®cantly more nuclei were also labelled for cyclins E and A: 2.1+0.5% and 5.8+1.1% respectively (Figure 4c2, d2 and Table 1) . cdk2, cdc2, cyclin E and A proteins were upregulated in Tg-E7 thyroids, but the level of all Dtype cyclins was dramatically decreased (Figures 2, 4 and Table 1 , data not shown). Cyclin D3 was undetectable in the nuclei of Tg-E7 thyrocytes, while some rare cells were weakly labelled in the interstitial tissue. Moderate labelling was also found in a few cells located in dense cellular areas (0.6+0.4%), but we could not ascertain whether the labelled cells were thyrocytes ( Figure 4a3 ). D2 and D3 mRNA were downregulated, whereas D1 mRNA was upregulated (Figure 3a and b). cdk4 levels were unchanged as compared to control tissue in Western blot analysis ( Figure 2 ). Immunohistochemistry, performed using two dierent antibodies (DCS 31 and 32), showed the loss of the cdk4 intense nuclear labelling seen in a few control cells ( Figure 4b3 and Table 1 ). Many cells were labelled for cyclin E and A: 4.3+0.8% and 6.9+1.1% ( Figure 4c3 , d3 and Table 1 ).
In the Tg-A 2a R/Tg-E7 model, the results were similar to those obtained for Tg-E7 thyroids. Indeed, we observed an accumulation of cyclins E and A, and of cdk2 and cdc2. With regard to the expression of Dtype cyclins and cdk4, the situation was quite similar to that found in Tg-E7 thyroids (Figures 2, 3, 4 and Table  1 ). In spite of the constitutive activation of the cAMP cascade, cyclin D3 was strongly decreased, as well as cyclins D1 and D2 (Figure 2 , data not shown). Immunohistochemistry for cyclin D3 was however dierent from that of Tg-E7 mice. There was a clear Figure 2 Western blotting analysis. Protein extracts were quantitated as described in Materials and methods and equal amounts of proteins (30 mg for cyclin D3 and p27 detection, 40 mg for cyclin E and A, cdk2 and cdc2, 60 mg for cdk4) were deposited on a SDS ± polyacrylamide gel. The exposition times varies from one protein to another. Analysed cell cycle regulatory proteins were upregulated in proliferative thyroid epithelial cells of all transgenic animals except for cyclin D3 and cdk4 in E7-expressing thyroids. p27 was not downregulated in these proliferative cells
Cell cycle proteins in thyroid transgenic mice F Coppe Â e et al decrease of the labelling in comparison to control nuclei, but in a small proportion of epithelial cells (4.2+1.6%), we could observe a weak labelling and 0.4+0.2% of the epithelial cells were strongly labelled ( Figure 4a4 and Table 1 ). Labelling of calcitonin cells is unlikely as such labelling was not seen in Tg-E7 thyroids and the number of calcitonin cells is unchanged in the dierent transgenic models (unpublished data). mRNA regulation of the D-type cyclins was identical to that in the Tg-E7 thyroids (Figure 3a and b). cdk4 levels were left unchanged as compared to control thyroids and Tg-E7 in Western blotting analysis (Figure 2 ). IHC for cdk4 was similar to that in Tg-E7 with some cells with diuse nuclear labelling, but a few cells had a good nuclear labelling (0.2+0.1%) (Figure 4b4 and Table 1 ). We do not know if they are the cyclin D3 positive cells. Compared with the parental transgenic mice, a signi®cantly higher proportion of cells were labelled for cyclin E and A: 8+1.5% and 11+2.2% (Figure 4c4, d4 and Table 1 ). The increased proportion of cyclin E-or cyclin Alabelled cells probably re¯ects the additive eect of the transgenes on cell proliferation, as revealed by BrdU incorporation (proliferative index) (CoppeÂ e et al., 1996; Densitometric quantitation of the autoradiographies in A. The integrated value of the areas covered by the dierent bands were normalized by dividing them by the integrated value of the area covered by the GAPDH band. The values were expressed as percentages of the correspondent controls (expression in non transgenic thyroid) which are ®xed at 100. When dierent RNA samples of a same transgenic line were hybridized, the mean+standard deviation was indicated Cell cycle proteins in thyroid transgenic mice F Coppe Â e et al Table 1 ). The population of cells with cyclin E labelling was lower in all transgenic animals than in the population with cyclin A labelling. This may re¯ect the shorter expression of cyclin E (in G1/S transition) than of cyclin A (in S, in G2 and at the beginning of M phases). As for the proliferative index, some older animals analysed by IHC showed a decrease of cyclins D3-, E-and A-labelled cells (data not shown). IHC for cyclin D3, cdk4, cyclin E and A in lung metastases of older animals (8 months) were similar to those found in the corresponding thyroid tissue (data not shown). p27 kip1 expression and p21 cip1/waf1
The general cdk inhibitor p27 protein was well detected in the quiescent cells of normal thyroids. All nuclei of epithelial cells were labelled with a relative homogeneity in IHC analysis, as previously shown in human Cell cycle proteins in thyroid transgenic mice F Coppe Â e et al thyroid tissue (Lloyd et al., 1997) but some cells with large nuclei exhibited punctuate labelling ( Figure 4e1 ). In most proliferative cells, p27 protein expression decreases as a requirement for the passage through the restriction point (Coats et al., 1996) . However, this CKI protein was not downregulated in our dierent models of proliferation (Figures 2, 4e and Table 1 ). Moreover, its expression was increased in Tg-E7 thyroids as shown by Western blotting and IHC (Figures 2 and 4e3) , with a stronger labelling of the nuclei. This was also revealed with more dilute solutions. In Tg-A 2a R and Tg-A 2a R/Tg-E7 thyroids, levels of p27 were equivalent or higher than in control mice (Figures 2, 4e2 and e4) . A higher number of large nuclei with punctuate labelling was observed in the thyroids of all transgenic mice. The lung metastases found in an 8 months-old Tg-A 2a R/Tg-E7 animal also expressed p27 at a level similar to that in the corresponding thyroid tissue. (data not shown).
As others (Han et al., 1996) , we could not detect the p21 cip1/waf1 protein by Western blotting using dierent antibodies. As the protein expression of p21 seems to follow its mRNA expression in dierent systems (Marchetti et al., 1996; Akiyama et al., 1997; Duttaroy et al., 1997; Ishida et al., 1997) , we therefore measured the expression of the messenger. In most systems, expression of p21 is induced by antiproliferative signals and leads to cell cycle arrest (Akagi et al., 1996; Chin et al., 1996; Deluca et al., 1996; Jarkus and Yeudall, 1996) . The p21 mRNA is expressed in normal thyroid The total number (n) of animals analysed in each experiment is indicated. For the Western blotting analysis, number in parentheses correspond to animals of ®rst column: one month, second column: 2 ± 3 months and third column: 4 ± 5 months. 0: no band detected; (+): weak band. All expression in the thyroids of transgenic animals were compared to control thyroids. In the immunohistochemistry analyses, the proportion of epithelial cells labelled were estimated as the percentage of the total thyroid number of epithelial cells in some sections, and presented as the mean+standard deviation. When scoring, at least 1000 epithelial cells have been counted (500 for cdk4) in at least three animals of the same line. The animals have 1 ± 2 months. With the ABC technique, used for the immunohistochemistry (see Materials and methods), the recognized epitopes appear as a brown precipitate (in nuclei, for the proteins studied here) and other nuclei were stained with hematoxyline. When the whole nucleus looks brown, it contains many of epitopes (strong nuclear labelling), when it appears blue, it does not contain epitopes (no labelling) and when it appears brown and blue, the concentration of epitopes is intermediate (weak nuclear labelling). The relative percentage of epithelial thyroid cells with a strong nuclear labelling is indicated by (1), cells with a weak nuclear labelling by (2) and cells with no labelling of the nucleus by (3). For the cdk4 IHC, only the epithelial thyroid cells with a strong nuclear labelling were counted and related to the totality of epithelial thyroid cells. For the p27 kip1 IHC, all epithelial cells of the thyroid were labelled (see Figure 4e ). The proliferative indices measured, on other identical animals, were indicated, as BrdU labelling following 1 h 30 of injection. Ages are expressed in days (d) and months (m). The statistical student t-test has been used for some comparisons. When the statistical test is used, transgenic parental lines (Tg-A2aR and Tg-E7) have been compared with control non transgenic animals; for cyclin D3, only values in (1) have been compared between Tg-A2aR and controls; the double transgenic animals (Tg-A2aR/Tg-E7) have been compared with the two parental animals. Dierences were *P<0.05, **P<0.01 and ***P<0.001
Cell cycle proteins in thyroid transgenic mice F Coppe Â e et al tissue extracts and is markedly increased in E7-expressing thyroids (3 ± 6-fold higher by scanning densitometry). Its expression seems not greatly modi®ed in Tg-A 2a R thyroids (1 ± 1.2-fold by scanning densitometry). As p27, the p21 CKI is not downregulated in our dierent models of thyroid proliferation. Investigation of cell cycle proteins in the thyroids of transgenic mice by Western blotting (Wb) and immunohistochemistry (IHC) gave qualitatively similar results, the IHC moreover con®rmed that the Wb results re¯ect changes in epithelial cells, and not in other cell populations of the thyroid.
Discussion
Analysis of D-type cyclins showed that cyclin D3 is the most abundant cyclin in the mouse normal thyroid tissue in vivo. The weak expression of cyclins D1 and D2 is probably not the consequence of a dierence in staining eciency with the three antibodies: (1) in other systems, these antibodies (DCS 6, DCS 3.1) reveal much higher levels of cyclin D1 and D2 (Lukas et al., 1994a (Lukas et al., , 1995a ; (2) in vitro results with these but also other antibodies against D-type cyclins have also shown a higher level of cyclin D3 in dog thyroid cells (Depoortere et al., 1998) ; (3) analysis of D-type cyclin mRNA transcripts have shown a similar prevalence of cyclin D3 in control thyroids ( Figure 3) ; (4) blocking antibodies microinjection experiments demonstrated that cyclin D3 was the only D-type cyclin important for TSH-induced dog thyroid cell proliferation (Depoortere et al., 1998) . A prominent role of cyclin D3 in thyroid, as compared to the other D-type cyclins, is also compatible with the fact that in mice lacking cyclins D1 or D2, the thyroid develops normally (Sicinski et al., 1995 . It will be of interest to investigate whether cyclin D3 knock out mice will exhibit a thyroid phenotype consistent with a predominant role of this protein on thyroid cell proliferation and/or dierentiation. The fact that cyclin D3 is present in a signi®cant proportion of quiescent cells in control thyroids (23.3+3.5% strongly labelled) also suggests another potential role of this cyclin, in addition to its role in the control of proliferation. Indeed, accumulation of cyclin D3 in dierentiated non proliferating muscle cells was recently reported, perhaps explained by the presence of binding sites for myogenic transcription factors in the cyclin D3 promoter (Kiess et al., 1995; Rao and Kohtz, 1995; Skapek et al., 1995; Wang et al., 1996) . However, Tg-A 2a R/Tg-E7 thyroids are well differentiated and contain little cyclin D3 which bears against a necessary role of this protein in thyroid dierentiation. An ATF/CRE site (cAMP responsive element) has also been identi®ed in the mouse cyclin D3 promoter (Wang et al., 1996) but the decrease of the mRNA versus the increase of the protein in Tg-A 2a R rather suggests a regulation at the protein level.
The Tg-A 2a R thyroids represent the in vivo physiological counterpart of thyroid cells stimulated by TSH in the arti®cial model of the primary culture. However, in the transgenic model, the cAMP cascade is chronically stimulated, while in in vitro experiments, acute stimulation by TSH is analysed in a timedependent manner. In the Tg-A 2a R thyroids, the dierent cell cycle proteins studied were upregulated: cyclins D3, E and A, cdk4, cdk2, cdc2. In TSHstimulated dog thyroid cells in culture, a similar but sequential accumulation of the cell cycle proteins has been demonstrated, except for cyclin D3 which is decreased during the G1 phase and increased later (Depoortere et al., 1996 (Depoortere et al., , 1998 Baptist et al., 1996) . The results of chronic in vivo stimulation thus reproduce and validate most of the results observed after acute in vitro stimulation. The upregulation of cyclin D3 observed in vivo can presumably be correlated with the late increase of D3 protein observed in in vitro experiments after the G1 phase or may also result from the chronic stimulation.
Rb protein is known to play an important role in the negative control of cell proliferation in most cell types. In dog thyroid cells, there is an absolute correlation between phosphorylation of the proteins of Rb family and initiation of DNA synthesis whatever the stimulus used (Coulonval et al., 1997) . The inactivation of Rb, by phosphorylation, mutation, gene deletion or viral oncogenes leads in most cell types to increased proliferation. It also causes overexpression of the dierent cyclins and cdk(s) expressed in late G1 Herrera et al., 1996; Pei, 1996; Tiainen et al., 1996) .
In Tg-E7 thyroids, the cyclin E, cyclin A, cdk2 and cdc2 proteins were upregulated, re¯ecting the relief of the inhibition exerted by Rb family proteins on the family of E2F transcription factors. E2F binding sites are indeed present in the promoter of most genes encoding cell cycle proteins, including cyclin A, cyclin E and cdc2 (Othani et al., 1995; Schulze et al., 1995; Botz et al., 1996) , and E2F sites present in mouse cyclin A and E gene promoters have been related to the upregulation of these cyclins in E7-expressing cell lines . Moreover, cyclin E, a G1 cyclin, but not D-type cyclins, is required for G1/S transition even in cells lacking a functional Rb gene (Othsubo et al., 1995) . The loss of p130-E2F4 complexes in the E2F site of the cdc2 promoter has been shown to be responsible of the induction of cdc2 (Tommasi and Pfeifer, 1995) . Thus the upregulation of late genes observed in the thyroid of Tg-E7 mice is compatible with the current knowledge of the cdk cascades. However, D-type cyclins levels were strongly decreased and cdk4 level was not increased. In the absence of functional Rb, D-type cyclins are expressed at low levels, dissociated from cdk4 and become dispensable in G1 (Bates et al., 1994; Tam et al., 1994; Lukas et al., 1994b Lukas et al., , 1995b Xiong et al., 1996) . In our Tg-E7 model, E7 regulates negatively D-type cyclins protein expression. Little has been reported on the regulation of cdk4 concentration in cells de®cient for functional Rb apart from its preferential complexing with p16 (Parry et al., 1995; Strauss et al., 1995; Xiong et al., 1996) . In Tg-E7 thyroid cells, E7 prevent the induction of cdk4 expression. Moreover, in Tg-A 2a R/Tg-E7, cdk4 content is lower than in Tg-A 2a R mice. Both results suggest some negative control of E7 on cdk4 induction by growth factors. The mechanisms of D-type cyclins repression and of the inhibition of cdk4 induction might involve a direct positive control of Rb family proteins or a negative control of E2F family proteins on the expression of these proteins.
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The amount of mRNA transcripts derived from each transgene was similar as in the respective parental line (CoppeÂ e et al., 1996) excluding an up or downregulation of one of the transgenes in the double transgenic lines. The coexpression of the two transgenes resulted in a dominance of the cAMP cascade on the stimulation of the dierentiated functions. The Tg-A 2a R/Tg-E7 mice were even more severely hyperthyroid than Tg-A 2a R mice. With regard to the regulation of cell cycle proteins, E7 and therefore the proteins of the Rb family seem to play a dominant role as D-type cyclins were always decreased and as cdk4 was not upregulated. The other cell cycle proteins studied (cyclin E, A, cdk2, cdc2) were upregulated as in the two parental lines with a higher proportion of labelled cells (cyclins E and A) in accordance with the increased proliferation index.
The fact that E7 and A 2a R have additive eects on cell proliferation is compatible with their dierent mechanisms of action on Rb and related proteins: E7 sequestrating the pocket proteins while the cAMP pathway inactivates them by phosphorylation (Coulonval et al., 1997) . However, other mechanisms of action of both E7 and cAMP could also account for this additivity that makes the cell more competent to progress through the cell cycle.
The lung metastases did not exhibit a phenotype dierent from the original thyroid tumours, either in the expression of the studied proteins or in morphology. This suggests that the dissemination of metastases does not result from a new change in expression of one of these proteins in some tumour cells. Indeed, our previous study rather implicated an angiogenesis induction and the rupture of tissue digitations in the enlarged vascular bed, in the metastatic process (CoppeÂ e et al., 1996) .
The expression of CKI generally leads to cell cycle arrest (GraÄ na and Reddy, 1995) . An increase of p21 cip1/waf1 by growth inhibitory factors and a decrease of p27 kip1 proteins expression following stimulation by various growth factors has frequently been reported (Ravitz et al., 1995 (Ravitz et al., , 1996 Gartel et al., 1996; Qian et al., 1996) . The p27 decrease results, in many cell types, from the degradation of the protein by ubiquitinylation . The absence of downregulation of p27 in our all transgenic models of thyroid proliferation, as in the in vitro dog thyroid cells under TSH stimulation (Depoortere et al., 1996) , con®rms that in the thyroid tissue of dog and mouse, increased levels of the inhibitor p27 does not prevent proliferation and that induction of p27 degradation is not necessary. The absence of p27 and presumably p21 proteins downregulation in spite of cell cycle progression suggests that other protein(s) may inhibit these proteins or suggests new functions associated with these proteins. In Tg-A 2a R, the cyclin D-cdk4 complex (both proteins are upregulated in Tg-A 2a R) is a candidate for the inhibition of these CKI proteins as suggested by Poon et al. (1995) which propose that cyclin D-cdk acts as a reservoir for p27. The involvement of other factors in p27 sequestration cannot be excluded. For instance, c-myc indirectly induces sequestration of p27 in a form unable to bind cyclin E-cdk2, without induction of the ubiquitinmediated degradation of p27 (Vlach et al., 1996) . In the dog thyroid, cAMP induces a biphasic increase of cmyc mRNA and protein (Pirson et al., 1996) . However, the Rb kinase activity of p27-immunoprecipitate reported in proliferating cells (Soos et al., 1996) or the induction of p21 by cyclin D1 without cell cycle arrest suggest that these CKI could play another role such as the promotion of the association of cdk4 with D-type cyclins or the targeting of cdk4 and cyclin D1 to the nucleus (Hiyama et al., 1997; LaBaer et al., 1997) . In the E7-expressing thyroids, cyclin D/cdk4 complex could not account for sequestration increased amounts of CKI away from cdk2 as they are absent. Immunoprecipitation studies have shown that p27 is able to bind cdk2 (data not shown) but other studies would be necessary to show if free cdk2 can be found. More importantly, binding between p27 and E7 in vivo, which abrogates the inhibitory eect of p27 and restores the cdk2 activity in vitro, has been demonstrated . Probably E7 acts by repressing p27 inhibition on the cyclin A transactivation (Zerfass-Thome et al., 1997) . The association of p21 with E7 has also been demonstrated and leads to the same restoring of the cdk2 function cdk2 (Jones et al., 1997; Funk et al., 1997) .
In addition of proliferation control, the p21 cip1/waf1
family seems also implicated in the dierentiation process. Indeed, p21 and/or p27 accumulate in diverse dierentiating normal and tumour cells Franklin and Xiong, 1996; Tron et al., 1996; Durand et al., 1997; Nadal et al., 1997; Tikoo et al., 1997) . Their overexpression induces the activation of a dierentiation pathway (Kranenburg et al., 1995; Liu et al., 1996) . p27 suppression impairs the dierentiation of mouse keratinocytes and luteal cells Hauser et al., 1997) . p27 expression decreases in anaplastic thyroid carcinomas (Lloyd et al., 1997) . The high p21 and p27 protein levels in the proliferating thyroid epithelial cells could therefore participate in the maintenance of the dierentiation in spite of the intense proliferation.
In conclusion, our results suggest that cyclin D3 is the most expressed D-type cyclin in the thyroid tissue. The regulation of cell cycle regulatory proteins in in vivo chronic proliferation of thyroid cells con®rms their previous in vitro analysis. Moreover, we have shown that E7 inhibits the induction of cdk4. The expression of E7 induces cell cycle control perturbations by inhibiting the Rb protein family, which probably leads to the perturbation of feedback loops as suggested by E7 dominant action on the cAMP regulation on downstream Rb element as D-type cyclins and cdk4. The cyclin D3 expression in our transgenic models suggests that its expression might be a good marker for the classi®cation of human thyroid tumours and might provide clues about their initial biochemical lesion. Two dierent inhibitors of cell cycle progression, p21 and p27, were not decreased in our proliferative models which suggests new roles of these proteins or a new complexity in the cell decision to enter in the cell cycle. Future studies should clarify the role and regulation of p21 and p27 in thyroid epithelial cells proliferation and dierentiation. Nevertheless, p21 and p27 expression should not be used as an index of cell repression in thyroid pathology but perhaps their loss should suggest a poor prognosis associated with the loss of thyroid cell dierentiation.
Materials and methods
Animals
The generation and screening of double transgenic mice was done as previously described (CoppeÂ e et al., 1996) . Animals from 1 to 5 months, and from 1 and 2 months, were analysed by Western blotting and immunohistochemistry respectively.
Antibodies
The antibodies used in this study were the mouse monoclonals DCS 6 (Lukas et al., 1994b) , DCS 3.1 (Lukas et al., 1995b) and DCS 22 (Bartkova, 1996) respectively directed against human cyclin D1, D2 and D3; the mouse monoclonals DCS 31, DCS 32 and DCS 35 directed against human cdk4 (Bartek et al., manuscript in preparation); and the polyclonal rabbit serum against bovine thyroglobulin (Roger et al., 1985) . Polyclonal rabbit sera raised against human cdk2 (M-2), rat cyclin E (M-20), mouse cyclin A (C-19) and human p27 kip1 (C-19), as well as the anti-human cdc2 mouse monoclonal (17) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal antibodies recognizing mouse p27 kip1 and human PCNA (PC-10) were purchased respectively from Transduction Laboratories (Lexington, Kentucky, USA) and Dakopatts (Glostrup, Denmark).
Preparation of protein extracts
Thyroids were collected under anaesthesia, frozen in liquid nitrogen and kept at 7808C until processing. Frozen tissue was homogenized either in SDS ± PAGE lysis buer (60 mM Tris HCl, pH 6.8, 2% SDS, 100 mM DTT, 10% Glycerol) at room temperature (total tissue extract) or in a non denaturing buer (50 mM Tris HCl, pH 7.4, 25 mM KCl, 5 mM MgCl 2 , 2 mM CaCl 2 , 250 mM Sucrose) in the presence of phosphatase and protease inhibitors (50 mM sodium¯uoride, 100 mM sodium orthovanadate and 60 mg/ ml Pefablock) at 48C. The latter homogenate, which contains cells and cell aggregates but not entire follicles, was centrifuged for 10 min at 1200 g and 48C. The cell pellets, removed from colloid, were dried and resuspended in lysis buer. Total tissue extracts or cell pellets were boiled for 3 min, passed through a 23 gauge needle and centrifuged for 5 min at 16 000 g. The supernatants were kept at 7808C. An aliquot of these extracts was stained with Coomassie blue and the protein content was quantitated by spectrophotometry as described (Minamide and Bamburg, 1990) .
Western blot analysis
Thirty to 60 mg proteins were separated on sodium dodecyl sulfate polyacrylamide gels, and transferred to a nitrocellulose membrane (Scheilder & Schuell, Dassel, Germany) for 16 h at 26 V and 48C using a transfer buer consisting in 25 mM Tris, 190 mM glycine (pH 8.3), 10% methanol. Membranes were incubated with a solution containing 140 mM NaCl, 8 mM NaH 2 PO 4 , 3 mM KH 2 PO 4 , 1.5 mM KCl, 5% fat dry milk, 0.5% NP 40, for 1 h at room temperature. Antigens were detected with speci®c antibodies for 2 h at room temperature. After washing, 125 I-labelled sheep anti-mouse immunoglobulins (Amersham, Buckinghamshire, UK) or 125 I-labelled protein A (Amersham) were used as secondary reagents to detect monoclonal and polyclonal antibodies respectively. Blots were autoradiographed using MP ®lms (Amersham).
Immunohistochemistry
Thyroids were collected under anaesthesia and ®xed by immersion for 18 h in a buered 10% formaldehyde solution, dehydrated and paran embedded. 4 mm sections were dewaxed, rehydrated and incubated for 30 min in a 6% H 2 O 2 solution in order to inactivate endogeneous peroxidase. Sections, in a 10 mM citrate buer pH 6.0, were microwaved seven times at 530 W for 3 min each, allowed to cool down to room temperature (approximately 30 min), and rinsed in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl (Usuda et al., 1996) . Immunostaining was performed following the ABC technique: sections were incubated for 30 min with 10% normal sheep or goat serum, and overnight at 48C with the primary antibodies at dierent dilutions. After washing, the sections were incubated for 30 min at room temperature with biotinylated sheep antimouse immunoglobulins for monoclonal primary antibodies or goat anti-rabbit immunoglobulins for polyclonal primary antibodies, washed again, and incubated for 30 min with a streptavidin-biotinylated horseradish peroxidase complex (Amersham). The antigen-antibody complexes were visualized with 0.02% 3-3'-diaminobenzidine tetrahydrochloride (Sigma Chemical Co., St. Louis, MO, USA) and 0.03% hydrogen peroxide in Tris buer. A hematoxylin counterstaining was performed. A normal mouse IgG (Sigma Chemical Co.) or normal rabbit IgG (Dakopatts) were used as negative controls for the monoclonal and polyclonal primary antibodies respectively.
Northern blot analysis
Poly(A) + RNA was isolated as previously described (CoppeÂ e et al., 1996) . Probes correspond to the complete coding sequences of mouse cyclins D1, D2 and D3 (generous gift by CJ Sherr, St Jude Children's Research Hospital, Memphis, TN) and mouse p21 (generous gift by W Harper, Baylor College of Medicine, Houston, TX). Autoradiographies were quantitated by laser scanning densitometry (Ultroscan, Bio-Rad Laboratories, Hercules, CA, USA). Measurements of optical density covering the total area of the bands were integrated. The background was subtracted.
